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O (54) Title: DIRECTIONAL DIFFUSER 


(57) Abstract; A diffuser is disclosed which transmits oi 


iddent light into a specific range of angles. In a preferred em- 
' bodiment, this light is uniformly scattered throughout a cone of angles. The diffuser consists of two parts. The first part diffiacts 
or reflects light into a specific offset angle. The second part, in the preferred embodiment, uniformly scatters the light through a 
range of angles, which is centered on the offset angle. The diffuser have utility in applications such as screens for wrist watches, 
^ computers, calculators, and cell phones. 
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DIRECTIONAL DIFFXISER 


FIELD OF Tm INyENTION 
5 The present invention relates generally to an optical difiuser and method for making 

the same, and more particularly to an optical difiuser having a high diffraction efficiency, 
broadband response and cost effective method of producing the same. 


BACKGROUND 

10 Reflective diffiisers are required for many applications, including liquid crystal 

displays, to enhance their viewability. Often these difSisers, placed behind the liquid crystal 
element, are simply roughened reflective sui&ces. These reflectors utilize no back lifting, 
but instead rely on the scattered reflection of the ambient light Unfortunately, ligjht scattered 
fiom these devices is centered around the glare angle, which is in direct line-of-sight with the 

15 undesirable reflections fiom their fiont surface. Furthermore in many applications, such as 
computer screens, and periiaps watches, the prefened orientation of the device is one for 
which viewmg at the glare angle is not optfanum. The situation can be nnproved by using 
holographic difiiisers which allow the reflection angles of interest to be offset, so that the 
maximum brightness from the diffiiser falls in a preferred viewing angle which is different 

20 from that of the glare. One type of holographic difiuser that is sometimes used is the 

reflective, "surface-relief hologram. This hologram has the advantage over other types in 
that if the ambient light is white, the reflected difpise light is also white. Another advantage 
of the surface-relief hologram is that embossing can reproduce it easily and inexpensively. A 
major disadvantage is that the surface-relief hologram can be inefficient. Only a relatively 

25 small percentage of the incident light is diffiacted into the desired viewing angles (typically 
less than 30 degrees) 

A non-holographic diffuser, when coupled with a reflective focusing screen, uses 
randomly sized and randomly placed minute granules, which are created by interaction of 
solvent particles on plastic surfaces (See U.S. Patent No. 3,718,078, entitled, "Smoothly 

30 Granulated Optical Surface and Method for Making Same^. These granules are dimples of 
extremely small magnitude (one half of a micron in depth), which reflect incident ligjht more 
or less uniformly over a restricted angfe. However, the angles of reflectance are very small. 
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usually about + or - 3 degrees, and Hba lig^t reflected fiom them is here again at the glare 


A second kind of ofT-axis, holographic diffiiser in common use today is &e volume 
reflection diJSuser, which can be provided by Polaroid Corporation of Cambridge 
Massachusetts. With volume holograms, fringes that give rise to the difEuser reflection are 
distributed throughout the volume of the material, unlike the surface reflection concept of the 
"surface-relief holograms. Because of this, light of a wavelength that is characteristic of the 
spacing distance between the fringe planes is resonantly enhanced over all other wavelengths. 
Thus, the reflected light is highly monochromatic. For example, if the spacing is 
characteristic of green, then green will be the predominant reflected color for incident white 
Ught Unlike conventional embossed holographic difEiisers, the reflection can be extremely 
efficient, although only over a narrow wavelength band. As a result, &e surface-relief 
hologram can appear dim because most of the incident white lig^ Mis outside of this select 
band. Fur&er processing can increase the bandwidth, thus increasing the apparent brightness, 
but the resulting difiiiser still has a predominant hue, which is in most cases undesirable. In 
any event the bandwidth is still somewhat restricted, thus limiting the reflection efSciency. 

Therefore, an unsolved need has remained for a difbser having a high diffraction 
efficiency, broadband response and cost elective manu&cture, which overcomes limitations 
ofthe prior art 

Summary of the Invention 
In an embodiment of the present invention as set forth herein is a blazed difiuser, 
which includes a reflective surface having a sawtooth structure. The sawtooth structure 
includes a series of contiguous wedges, each of which reflects incident oblique light into a 
beam which is more or less nomial to the gross surface of the device. This wedge structure 
may be regarded as simply an off-axis mirror if the wedge spacing (period) is much larger 
than the wavelength. Superimposed on this wedge surface is a second structural component, 
which by itself diffracts incident light normal to its surfece into rays, which constitute only 
those over a restricted narrow angle (e.g. + or - 15 degrees). This angle is specified as that 
which is desired for a particular application. la an embodiment, this second surface shape is 
one that uniformly scatters an incident ray throughout the viewing angle. Such a stmcture 
gives a so called "flat top" scattering. When these two structures are superimposed, light 
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incident from a piedetennmed angle which is dependent on the wedge angle, is 
uniformly scattered throu^out a specified raoge of viewing angles with a hig^ degree of 
efSciency. Almost all incident light is utilized and efficiencies approaching 100% for all 
visible wavelengths are possible. 
5 In another embodiment, a blazed diffiiser is made entirely by optical, holographic 

means, and it can be fabricated in such a way that the broadband spectral colors are properly 
mixed so that the diffiacted light appears white. The recording for this diffiiser is done in two 
primary ways. The first is by recording directly fiom a predetermined diHiise sur&ce, and the 
second is by copying from a volume difEuser into a surface diffiiser. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 
Hie foregoing and other objects of this invention, the various features thereol^ as well 
as the invention itself, may be more fully understood from the fbllowing description, when 
read together wiib. the accompanying drawings in which: 
15 Figs. 1 A, IB and IC show a number of embodiments of the diffiiser in accordance 

with principles of the present invention; 

Figs. 2A, 2B, 2C, 2D, 2E and 2F show a number of embodiments of reflective 
surfaces associated with the embodiments of the diffiiser shown in Figs. 1 A, IB and IC; 
Fig. 3 shows the flat top diifiraction profile of the surface of Fig. 2E; ' 
20 Fig. 4 shows the diffisction profile of a sur&ce which approximates that of Fig. 2E; 

Fig. 5 shows the efficiency of light reflected for the structure of a preferred 
embodiment; 

Fig, 6 shows light rays passing into and out the diffiiser shown in Fig. lA; 
Fig. 7 shows interference fringe planes and die etched surface m photoresist of an 
25 embodiment of the diffiiser. 

Fig. 8 shows a recording configuration of an embodiment of the diffiiser that uses 

prism coupling; 

Fig. 9 shows a method for copying from a volume diffiiser into photoresist using 

prism coupling; 

30 Fig. 10 shows a method for making a deep stepped wedge structure by using a 

prism coupling; 

Fig. 1 1 shows a recording configuration for adding diffiise reflectance to a stepped 
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wedge stractute using prism coupling 

Fig. 12 shows a recording configuration for making a fine interfeioice fringe structure 
parallel to a recording surface by means of prism coupling; 

Fig. 13 shows interference Mnge planes and the etched surface in photoresist of a 
deep stepped wedge structure; and 

Fig. 14 shows a theoretical dif&action e£5ciency for a ten-step wedge grating structure 
with step height = 250 run. 

gix^EDDgSfigsmtLQE-Iiffi..? 

10 The present invention provides an improved diffiiser having a high diffiaction 

efSciency, broadband response and method for making the same. 

Refening to Fig. I A, an embodiment of the present invention as set forth herein 
comprises an improved difiuser including a reflective sur&ce. The reflective sur&ce may 
include a periodic wedge structure 1, as shown in Fig. lA, which reflects incident light 2 so 

15 that incident light 2 impinges on its sur&ce 3 from an oblique angle, 9, into rays 4 which are 
approximately normal to its surface. These reflected rays 4 are contained within a small 
angular spread if the period p of the wedge is much greater than the wavelength of the ligjit, 
X. It is essential that the wedge angle (6/2) for the surface 3 in Fig. 1 A, be selected for the 
particular application (e.g. 6/2 15°) and tiiat the period p be large compared to the 

20 wavelength (typically p > 100 X ). However, a period that is too large (> 100 microns for 
example) may be visually aimoying. If p is not much larger than X, then incident light is 
scattered over other angles than that normal to the surfece, as predicted by diiicaction 
analysis. Furthermore the angle of scattering is then wavelength dependent, a feature that 
tends to detract fiom a desirable white difbsion pattem. 

25 Referring further to Fig. IB, flie diffoser further includes a second structure 5, which 

is disposed on tiie reflective sur&ce. The second structure uniformly reflects incident rays 
across a prescribed angle, a. The sur&ce 6, which is shown in Fig. IC, accepts an incoming 
oblique beam and scatters it uinformly over a range of angles, a. The scattered beam is 
centered on the normal to the structure with high efficiency. The geometry of the second 

30 stmcture 5-or scattering stracture, may itself be periodic with period q, which is smaller than. 
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equal to, or slightly larger than the wedge 


period p. Such examples of these structures 


are shown in Fig. 2. 

There are a variety of surface shapes that may be used for these stractures. Jn the 
present embodiment, a shape for an element of the resulting combined sur&ce can be 
5 described by the simple equation: 


where s(x) is the height of the surface and x is the coordinate on the surfece, and an element 
10 is defined to span only one peak of the structure as is shown by the dimension q in Fig. 2. 

The second term of equation 1 represents diq tilted flat sur&ce on wedge 3 . The term is 

that of a quadratic, or parabolic reflector, either positive or negative. 

Simple microlens arrays may be approximated by periodic, two-dimensional parabolic 

sucface arrays and as such have been used successfully to create flat top dif&action patterns, 
15 i.e., unifoim on-axis reflection (or transmission) over a specific range of angles. 

Theoretically, a plane wave of incident light is uniformly reflected Scorn a periodic surface 

throughout a specific range of angles because it has a constant second derivative. 


s(x) = ax^ +bx. 


(1) 


In general, the dif&action from any reflective phase surface element s(x), can include: 


q/'2 

%) ~ (^''q) 1 exp [2i s(x) k] exp [~i kny] dx 
-q/2 


(2) 


25 


where y is the reflection angle (radians), and k= 2n/X. For example, inserting for s(x) the 
parabolic function of eqxiation 1, minus the wedge (sawtooth) portion, equation 2 yields 
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t2 

~ exp [ik 7^/8a] | exp (-i 7t i?f2) dt 


(3) 


tl 


S 


where tl = W 2a/\ q + V l/2aA. y 


and t2 = -W2a/X q + Vl/2aX y 


10 


Hie integial in equation 3 is known as the Fresnel integral. 

' A typical plot of the amplitudes of Hba dif&action function of equation 3, is shown as 
the dashed curve 7 of Fig. 3. Such curves are derived hy data plotted in comu spirals, which 

15 are a convenient representation of these Fresnel integrals. As the size q of the element 

increases, the undulations evident at the extreme angles are reduced and the curve approaches 
the flat top distribution, which is desired for a preferred embodiment However, this second 
component of the diffuaer structure is periodic, the periodicity of which is q.. For a periodic 
structure, the angular reflection distribution is punctuated by distinct peaks, the distance 

20 between which is proportional to the wavelength, X, bxrt is inversely proport i onal to the 
element size q. These peaks, which represent the various orders diffracted by the structure, 
are centered on the solid lines 10 shown in Fig. 3. The presence of these periodic peaks need 
not be detrimental to the diffiiser visibility if the period q is large compared to the 
wavelength, in which case they will be very close together, or if the incident light is 

25 specularly broad or spatially diffuse, thus obscuring them. For the examples in Figs. 2A and 
2B, the elements 1 1 and 12 are as large as that of the sawtooth, i.e., q = p, which is an 
extreme, and perhaps a desirable case, because it also reduces the undulations in the envelope 
(the dashed curve) as discussed before. 


30 2B and 2D, is sli^tly different than that represented by equation 3 due to the mverted 
parabolic function. The applicable equation for that surface is 


For paraboUc structures, tiie diffraction function for elements 9 and 12, shown m Figs. 
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f '(y) ~ exp [i k y^/Sa ] J exp (-i n t?/2) dt (4) 


where - W 2afk q + V iy2aX y 
and U = +V 2a/X q + V l/2aX y 

to 

The function f ' is the complex conjugate of f (i.e,, f ' = f * ), a result that is evident 
from Fourier analysis, and so the amplitude of f ' is also represented by the dashed curve 7 of 
Fig. 3. Here again, a periodic structure as shown m Fig. 2D, results in peaks represented by 
the solid lines 10. 

15 The structures 13 and 14 shown in Figs. 2E and 2F combine the elements described by 

equation 3 and equation 4. After addition of suitable requisite phase terms (to account for 
lateral shifts and pedestal phase functions), these surface components, in the absence of the 
sawtooth component, give diffraction functions f (y) 

20 f (y) ~ 9le {exp [i ky/2 + i k a^/2] f (y) } (5) 

where the symbol 3le refers to the 'real part'. 

Because of the additional phase terms in equation 5, the dashed curve 10 of Fig. 3 represents 
25 the maximum diffraction that is achieved. Furthennore, peaks occur in this curve at half the 

distance of those for the cases discussed so far, since the period of this combined structure is 

now 2q versus q previously. 

The surfece shown in figure 2G is particularly interesting. Each element of figure 2A 

alternates with its inversion shown in Fig. 2B to produce a surface without discontinuities. 
30 Each element of width P, is an oflfeet parabola when equation (1) is applied. 
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A surface which approximates the undulating parabolic surfece of Fig. 2E 
(disregarding the sawtooth or wedge) is that which is represented by a sine or cosine function. 
Such a function can be constructed from the surface relief etching of two interfering, 
coherent beams. A fimction describing such a sui&ce can include: 

s(x) » c sin (n x/q) (6) 

where 2c is the peak-to-peak excursion of the function, which is periodic in 2q. Loserting this 
function into equation 2 results in the dif&action function 

q 

f(Y)«/ exp.[2ikcsin(icx/q)]exp. [-ikxYldx (7> 


where Jm is the m"" order Bessel function of the first kind, m is an integer, and f (ym) 
represents the amplitude of the diffracted (or reflected) beams at the discrete angles of y = 
raX/p. In Fig. 4, discrete values of | f (■/„) 1 ^ , for example 1 5 and 1 7, are plotted for the case 
in which die period 2q equals 38 A., and the angular spread is approximately if IS degrees. 
As can be seen in Fig. 4, the profile 16 is not flat-topped, but peaks at spepiflc angles (17 in 
Fig. 4). Such peaks tend to be reduced as the period, 2q, increases with respect to the 
wavelength, and a reasonable approximation to a flat top angular distribution is obtained. 

Another method of producing a parabolic surface structure holographically is by the 
coherent interference of three laser beams in a layer of photoresist. If the sources of expanded 
light from each of the beams are arranged such that each source is approximately at the apex 
of an equilateral triangle, then the developed pattern in the photoresist will consist of a close- 
packed honeycomb array. By using suitable nonlinear etching characteristics of the 
photoresist, each honeycomb depression will develop in the shape of a paraboloid. 


, 28-05-2008 


ODQCP 


EP 04 721 504 


WO 02/iOS03 


-9- 


While the specific examples 


discussed so far relate to the reflection of 


incident light fix>tn a surfece in air (i.e., n = 1), the analysis also applies to cases in which the 
light is reflected from a surface that is covered, for example, by a plastic overcoating. In an 
embodiment, a reflective diffbser is provided, which includes a reflective surface that is 
5 embossed mto the underside of a plastic sheet h Qm embodiment, slight modifications to 
the analysis must be made, mainly in an alteration of the dep^ of the structure. (In equation 
2, for example, s(x) becomes n s(x), where n is the index of refraction of the plastic). Also 
certain modifications would enable fliese devices to be used as transmission diffiisers, rather 
than reflection diffusers. 

10 Constmction of surfaces discussed herein, and examples of which are shown in Fig. 1, 

may be carried out by a number of processes. For well defined periodic functions like those 
shown in Fig. 1 , tiie suifaces can be formed by micio-macbining or laser etching (e.g., ME^^S 
processes). Alternatively the sui&ces can be ibnned in two separate steps, which includes a 
first step that produces a periodic sawtooth structure such as fliat shown in Fig. lA. Such a 

15 strictly periodic stracturd can, for example, be machined witii great precision and cast into a 
number of materials. A second step, which adds the diffusion, or second component, may be 
added, for example in the following way. After appropriately coating the periodic sawtooth 
structure with a photoresist layer, the diSusing structure may be created by exposure to 
appropriate optical patterns and suitable processing of the photoresist thereafter. These 

20 optical patterns may be generated as an interference pattern of a number of coherent beams 
(the sine wave for example), the three-beam honeycomb pattern as described above, or as a 
result of scanning the photoresist surface with a focused intensity modulated light beam (as 
with a laser). Alternatively the optical pattem to which the photoresist is exposed may be a 
random function resulting, for example, from a laser illuminated diffiiser. Randomly diffuse 

25 functions whose angular diffiuction envelope are flat-topped, are usually difficult to create, 
unless unique processes are used. 

The randomness may be achieved for example by using small portions of the 
prerequisite parabolic surface, which are randomly positioned but which on the aggregate 
cause reflected ligjht to be more or less unifomily reflected over the desued angle. 

30 Another process, described in the following, is a direct holographic method. The 

structure created by this method is different than that discussed so far, ia that the period p is 
of the same order as the wavelength, X, and thus diffraction effects become important Fig; 5 
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illustrates the results of scalar diffiaction theoiy, in which curve 1 8 is the major 

dif&acted order, and the diffraction efBciency approaches 100 % for the wavelength of 
interest The step height h for the case shown in the Fig. 6 is equal to half the peak 
wavelength. For a central wavelength peak of 500 nm, the step height is thus 250 nm. This 

; efficiency curve assumes that the sur&ce is an ideal reflector, providing 100% efBciency at 
the peak wavelength. The efSdencies are also higih for the entire visible spectral range, 
roughly ranging fiom approximately 85% at 400 nm in the violet to approximately 75% at 
700 nm in &e deep red. For this reason 500 nm is generally chosen to represent the center of 
the visible spectrum, and the sux&ce stmcture is designed to operate at this wavelength. Note 

» that there is a significant difference between the small scale stxacture represented by curve 1 8, 
and I3ac diffiniction (or reflection) from the sur&ce 3 of Fig. 1 A. In Fig. 1 A, the step height is 
many wavelengths, resulting in a diffraction eSciency of close to 100% for all visible 


The parameters of Fig. 5 are chosen for the case of an air inter&ce bordering the 
reflective sawtooth surface, similar to the situation shown in Fig. 1 A. In the actual case, as 
with the situation of Fig. 1 A, a preferable configuration is the coating of the surface with a 
protective layer, usually a clear plastic material 1 9 having an index of refraction, n = 1 .5, as in 
Fig. 6. The tilt angle of the sawtooth 3 is chosen to provide an optimum viewing angle 
normal to the surface when light is incident at the proper offeet angle, which for illustrative 
purposes can be 30 degrees. The wedge angle, p/2, can be selected for the overcoated surfece 
as shown in Fig. 6. Snell's Law, sin 9 = n sin p, for light passing from air with index 1 into a 
medium with indfflc n, yields, for an entrance angle &om air of 9 = 30 degrees, an exit angle 
of P = 1 9.47 degrees within the n 1 .5 surface. The wedge tilt ang^e is half this value, or 
1 9.47/2 =» 9.74 degrees. The revised step heigjit is h = 250/n = 250/1 .5 = 1 66.67 mn. The 
period p is calculated firom the grating equation for normal incidence, X = p sin 9, or p = 
500/sin 30"»= 500/(1.5 sin 19.47°) = 1000nm= 1.0 micron. 

One method of creating the periodic wedge is by recording the interference of two 
counterpropagating laser beams, 20 and 21 in Fig. 7, in a material 22 such as photoresist (n = 
1 .7). The equation for spacing between the interference planes, d, can include: 
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d = V[2nsin(9o/2)] 


(9) 


where 6o is the half angle between the beams, and Xo is the laser lecoiding wavelength. Thus 
5 the sine of the half angle is calculated in accordance with the following: 


where a recording wavelength of Xo = 441.6 mn fiom a He-Cd laser and an index of 
10 refiaction of n = 1.7 for photoresist have been used. The spacing d, has been calculated as 


Thus equation 1 0 yields an angle between the beams of 9o = 1 00.36°. The interference fiinge 
15 structure, 23, is shown in Fig. 7. This structure represents, after exposure, planes of maxima 
and minima of exposure intensity. When the photoresist plate is immersed in developer, 
etching or removal of the exposed photoresist proceeds from the top surface layer downward, 
the most exposed layers being removed preferentially over the least exposed layers. Ideally, 
the developer reaches the first zero exposure plane, which is represented by the dotted line 24 
20 in Fig. 7. The fringe planes lying beneath this plane are not affected by the development 


order to accurately form the fringe planes, and thus the sawtooth stmcture in a photoresist 
material, which is ultimately used as a master copy for mass production. In an embodiment, 
at least one of the beams, 20 and 21, in Fig. 7, can have some variation so as to create the 

25 desirable angular diffusion. 

If there were no difiiise component to the beam, then die light dif&acted from the 
sawtoodi surface relief structure would, for mcident white light, display all the spectral colors 
from violet to red, although each would be viewable from a different angle. But controlled 
diffusion is a requirement of this technology. Adding a difiCiise component to obtain white 

30 light means adding a variation in the grating period p or in the slope of the sawtooth, so that 
all colors are mixed at the same dif&action angle. For example, taking the extremes of 400 


3in(9o/2)= V(2nd) = 441.6/[(2)(1.7)(169.11) = .76803 (10) 


(U) - 


The preceding discussion represents the types of calculations that must be made in 
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nm for violet and 700 mn fot red, liie period p for these two colors is, respectively, p = 
400/sin 30° = 800 mn (violet) and p = 700/sin 30° = 1400 mn (red) for fee same dif&action 
angle of 30 degrees. If these extremes in the period for the visible spectrum are now present 
as part of the surface relief structure, then the dif&action angles for the design wavelength of 
5 500 nm range fiom 38.68 degrees to 20.92 degrees, so tiiat the total variation is 8.68 + 9.08 = 
1 7.76 degrees. Since the difRiser is nominally designed to operate at an angular spread of 
plus or minus IS degrees fiom die main difBaction angle of 30 degrees (or a total angular 
spread of 30 degrees), there is sufficient angular variation for mixing the entire visible 
spectrum sufficiently to produce white light 

10 A method for making the difiEuse stmcture is to use a split beam holographic setup and 

a predetermined diffuse sur&ce. This method allows for flexibility in die range of recording 
angles. The method does, howeva, require the fabrication of a diJSbse plate with the 
requisite viewing angles, which is inserted into at least one of tihe two recording beams. La 
one configuration, as shown in Fig. 8, requires the use of two prisms, 25 and 26, with a liquid 

15 gate plate holder contacted by index matching liquid to both prisms. The calculated angles for 
beam 20 with respect to the normal, i.e., 49,56 degrees, is so large that it exceeds the critical 
angle, 9c, which is 9b = arcain (1/n) = arcsin (1/1 .7) = 36.03 degrees. la the absence of a 
coupling medium, i.e., an air interface, all incident light would be at ahnost normal incidence 
to the face of the equilateral prism 25. Beam 20 enters the face of the opposite prism 26 such 

20 diat the angle of mcidence to the photoresist material 22 firom the n = 1 .5 glass layer is equal 
to 34.61 degrees. In this case die fringe spacing and tilt angle in the photoresist are as 
required for the example above. Because the angle of incidence of beam 20 does not exceed 
die critical ang^e into photoresist, an alternative scheme allows beam 20 to enter the tank 
directly fiom air at 58.43 degrees, A third alternative is one in which the rectangular plate 

25 holder tank is irmnersed in a large square tank Med completely with index matching liquid, 
thus eliminating the prisma altogether. While this latter method is relatively easy to 
implement it does require great care in allowing the index matching liquid to completely 
stabilize before making the recording. 

Copying dixecdy from a volume difEiiser, as an alternative to the above, has many 

30 advantages. One advantage relates to a volume difEuser with the requisite of&et and viewing 
angles, which can be efficiently produced holographicaUy. Another advantage relates to the 
copying procedure, which is simpler than direct recording using a predetermined diffuse 
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master, provided certaia conditions are met 


One of these conditions is that the peak 


wavelength of light diffiacted from the master falls roughly into the center of the visible 
spectral range. Also the volume diffiiser, which is used for copying, can have tiie proper 
angular spread to create an adequate viewing angle in the reflective mode. 


in Fig. 9. la order to form such a structure we assume that (1) photoresist 22, is in intimate 
contact with the holographic difRiser 27, (2) beam 21 is incident from outside, passing 
tihrougji the photoresist and into the volume hologram, (3) beam 20 is reflected from the 
interference planes 28 within the volume hologram baick tiuough the photoresist layer and (4) 

10 the index of refraction of the volume hologram has a typical value of n = 1 .5. Thus copying 
is done with only a single beam. 

In order to create beams 20 and 21 at angles of 49.56 degrees and 30.08 degrees (as 
shown in Fig. 7), these beams, denoted as 29 and 30 in Fig. 9, must have angles of 59.61 
degrees and 34.61 degrees respectively in the lower index material 27 (n = 1 .5). Such beams 

15 exist in the volume reflective hologram 27 only if it contains frmge planes tilted at 12.5 
degrees as shown in Fig. 9, and whose spacing d = 216.28 nm. This assmnes that the copy 
wavelength is 441.6 nm. Light incident normally onto these fringe planes will reconstruct 
coherently at a wavelength of X = 2nh = 2(1.5)(216.28) = 648.85 nm, which is red. This 
result pomts out a fundamental characteristic of diis type of construction; namely, that 

20 copying into a high index material at large incidence angles from a lower index master, 

requires ^t tiie master be red-shifted with respect to the copy. In other words, reconstmction 
of a blazed surikce pattern producing lig^ht peaked in the green spectral region requires a 
master peaked in fhe red spectral region. Such a volume hologram can be easily made with a 
conventional holographic setup using red laser light (e.g., a Kr laser at 647 nm or a He-Ne 

25 laser at 633 nm) and either red-sensitive photographic emulsion or photopolymer. It is also 
possible to copy from a photopolymer master diffoser that is aheady tuned to the green 
spectral region, provided that certain steps are made to convert the difiuser to the red region. 
For example, the green Polaroid Imagix difiiiser photopolymer can be copied directly into a 
DuPont 706 photopolymer, using either green laser light at near normal incidence or blue 

30 44 1 .6 nm laser ligjit at a large angle of incidence. The DuPont material can then be tuned to 
the red region using DuPont CTF color tuning fihn, which essentially swells tiie 


5 


A method of forming a structure like that of Fig. 7 from a volume hologram is shown 
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photopolymer to a larger thickness, thereby increasing the spacing between the planes 
and changing the color from green to red. 

Here again the angle for beam 20 in the photoresist is greater than the critical angle 
(49.56 > 36.03) and we must resort to coupling by means of a liquid gate. The photoresist 
plate is placed in a rectangular tank containing an index matching liquid for glass at n a 1 .5 
(e.g., xylene) diat is liquid coupled to an equilateral prism, as shown in Fig. 9. 

Variations of fte mefliods disclosed here can result in efBcient directional difCusers. 
For example, with the first type disclosed, uniform angular spreading of tiie incident beam 
may be accomplished by a variation of either the period p or the slope 6/2 from sawtooth 
element to sawtooth element However, such a procedure may require that the element size p 
be reduced (for example from 100 A. to 10 or 20 X) so as to preserve the smooth visual texture 
of the difiiiser. If the size p is too large, visible portions of Ihe di£Eu8er will not scatter into 
the observation direction. 

A variation of the holographic method discussed herein, is the addition of a fine 
diffusing structure to a coarse wedge structure. This coarse wedge structure is of larger 
dimensions than that of the methods described in Figs. 7 and 8, and can be constructed tn the 
following manner, as shown in Fig. 10. Two beams enter the photoresist layer 33 tiiat is 
coated onto a glass substrata 34 from the same side 35 at an oblique angle, such that the 
interference fringe stmcture 36 is coarse and inclined at some angle with respect to the 
surfiice. Prism coupling allows for a large degree of obliquity m a marmier similar to that 
shown in Fig. 9. 

A diffuse component can be added in a second exposure step by contacting the 
photoresist layer 33 to a reflective diffuser 39, as shown in Fig. 1 1 . In this case die incident 
beam 37 is totally reflected as a diffuse beam 40 that encompasses a range of angles. The 
contact can be done using either a liquid gate, or by reversing the plate and attaching the 
diffiiser directly io the glass substrate and using a liquid gate between the photoresist and the 
prism. For this procedure to be effective, the resist should be coated to a several micron thick 
layer. The first exposure should be done at a laser wavelengdi for which absorption is large, 
for example 441 .6 nm, so that the amount of reflected light is minimal. The second exposure 
should be done at a longer, less absorbing wavelength, for example 457.9 or 476 rnn, so that 
the reflected beam is nearly equal in intensity to the incident beam. 
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Aa alternate technique adds a fine 


step structure to the coarse wedge of Fig. 


10, in place of Hbs fine difiusing structure. With this technique the second exposure uses two 
beams that enter the photoresist fixjm opposite sides so that the interference fringe structure is 
fine and parallel to the sur&ce. This is also done by prism coupling, using a single beam 37 
5 that is totally reflected that interferes with itself, as shown in Fig. 12, with the fine fringe 
structure designated as 38. For tiiis exposure the photoresist plate is reversed so that the 
surface 35 faces out When the photoresist is developed after the composite exposure, the 
resulting structure is a deep wedge-shaped grating that has a fine stepped grating 
superinqx)sed onto it (Fig. 13). 

10 The di£&action efficiency for a ten-level stractnre is shown in Fig. 14 and includes the 

spectral distribution for difBacted orders +2, +1, 0, -1, and -2. Also included in this plot is 
the spectral distribution for a single-step blazed grating, which is identical to Fig. 5. It is 
clearly evident that the spectral distribution for the single-step shallow blazed grating forms 
an envelope for the ten-level deep stepped gratmg. The number of orders that appear under 

IS this envelope decreases as tiie number of levels is reduced, but their individual spectral width 
increases. 

As can be seen from Fig. 14, the diffraction is specularly discrete, allowing only 
narrow band color components to be observed at any given viewing angle. Tn order to avoid 
this often undesirable result, the photoresist can be exposed in nanow adjacent stripes that 
20 yield, for example, red, blue, and green light diffiacted at the same angle to produce white. 
The proper angle for light difiBracted from die stepped grating structure is determined by the 
periodicity of the coarse wedge grating, and that periodicity depends, in turn, on the oblique 
angle that the interference fringe strocture makes wifli respect to the photoresist surface. 


25 large periodicity and adding the step structure or diffuse stmcture to it holograpMcally. la 
this configuration, it is similar to the structure shown in Fig. Ic. For the step stmcture, the 
procedure consists of coating the wedge strocture with a thin, uniform layer of photoresist, 
which can be done either by dip coating or by spin coating. The coated wedge surfrice is then 
immersed in an index-matching liquid gate that is optically contacted to an equilateral glass 

30 prism, as described above. The step structure is made by exposing to a totally reflecting beam 
of laser light that is coupled to a difiiise sur&ce, also described above. With this mediod 
many more diffracted orders are obtained than with the totally holographic method described 


Another variation on this method consists of first making a wedge grating structure of 
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above, due to the much greater depth of the 


preformed structure compared to that 


obtained holographically, but with diffiise mixing the diffected light appears white. 

The discussion has focused on devices that uniformly scatter light through a solid 
angle. But in some applications it may be desirable to achieve non-unifoim scattering. One 
5 can modify the processes to create blazed difiusers that have a wide range of scattering 
properties. 

Both categories of structures have been described in the foregoing in reference to their 
scattering properties in one dimension only. That is, the emphasis has been on showing how 
an incident beam whose obliquity to the surface (Le., 6 = 30 °) is scattered uni&tmly 

10 throughout an angle a, as in Fig. 1 . But in the other direction, which follows the coordinate 
going into the paper in all of the Figs., die illumination beam 2 (See Fig. 1) is assumed to 
have no obliquity, but to impinge perpendicular to the surface. In order to obtain a uniform 
angular diffusion, there is a similar requirement for scattering over an angle of a in this 
dimension also, albeit without an offset 0. For the first category of diffiiser described here, 

15 the surface profile into the paper for the surface of Fig. 2 would contain the parabolic 

component, thus providing a diffiiser, each portion of which scatters uniformly throughout a 
pyramidal solid angle which is offset from the incident illumination by angle 9. Similarly if a 
beam, which is randomly difJuse throughout a cone of angles, is reconstructed as beam 20 in 
Fig. 9 from the photopolymer hologram 27, the resulting aluminized diffuser will scatter 

20 mcoming light throughout a conical solid angle, of&et by angle 9 

Having thus described at least one illustrative embodiment of the invention, various 
alterations, modifications and improvements will readily occur to those skilled in the art 
Such alterations, modifications and improvements are intended to be within the scope and 
spirit of the invention. Accordingly, the foregoing description is by way of example only and 

25 is not intended as limiting. 


What is claimed is: 
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1 . A directional reflector having a surface, the siirface comprising: 

a first periodic surface component having a periodic wedge-shape, the periodic 
wedge-shape having a first period, and 
a second surface component 

5 

2. The directional reflector of claim 1, wherein flie surface is reflective. 

3. The directional reflector of claim 1, wherein the sur&ce is diffiactive. 

10 4, The directional reflector ofclaiml, wherein the second surface component is 

periodic, the second sur&ce component having a second period. 

5. The directional reflector of claim 4, wherehi the second period is equal to or less 
than die first period. 

15 

6. The directional reflector of claim 1, wherein the second surface component is 
superimposed over the first sui&ce component 

7. The directional reflector of claim 1, wherem the second surface component 
20 modifies the first surface component 

8. The directional reflector of claim 1, wherein the second surface component is 


9. The directional reflector of claim 1, wherein the combination of the first periodic 
surface component and the second surface component cause an oblique light ray, which is 
incident on the surface, to be reflected throughout a range of angles. 

10. The directional reflector of claim 9, wherein the range of angles is a cone of rays. 


1 1. The directional reflector of claim 9, wherein the range of angles has a central ray 
and wherein the central ray is normal to the surface. 
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12. The diiectional reflector of claim 1, wherein the second periodic siuface 
component includes a plurality of periodic surface pieces, wherein each periodic surface piece 
is described by a parabolic function and reflects an incident ray throughout a specified 

5 uniform range of angles. 

13. The directional reflector of claim 1, wherein the second smface component has a 
random roughness. 


10 14. An apparatus having a sur&ce, the surface having periodic sur&ce elements 

compnsing: 

a first surface component in a first suifiwe direction comprising two contiguous 
pieces, wherein a fust sur&ce piece is described by a parabolic function, and the second 
surface piece is described by an identical but inverted parabolic function; 

15 a second surface component in a second smface direction, the second surface direction 

being orthogonal to the first surface direction, comprising two contiguous pieces wherein a 
third surface piece is described by an offset parabolic function, and a fourth surface piece is 
described by an identical but inverted offset parabolic function thereby creating a surface 
which is capable of transmitting or reflecting oblique incident light into a bundle of rays 

20 which are uniformly distributed about a normal to its sur&ce. 


1 5. The apparatus of chum 14, wherein the paiabolic function and the offset paraboUc 
fimction axe selected to create a surfice firee of discontinuities. 


25 16. A method for rnaldng a directional reflector having a reflective surface, wherein 

the reflective surface includes at least one periodic sur&ce comprising a plurality of periodic 
surface pieces and wherein the period sur&ce pieces are each described by a parabolic 
function and reflect an incident ray throughout a specified uniform cone of angles, compnsmg 
the steps of: 

30 creating a gray scale mask; 

transmitting recording light through fbe gray scale mask such that a desired parabolic 
function is displayed; and 
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recording the desired parabolic function in a layer of photoresist. 


17. The method for making a directional reflector having a reflective sur&ce of claim 

1 6, further comprising the step of coating a second periodic surface with die layer of 
5 photoresist prior to recording the desired parabolic function. 

1 8. The me&od for makmg a directional reflector having a reflective surfiice of claim 

17, wherein the second periodic surface is wedge-shaped. 

1 9. A method fin: making a directional reflector for reflecting an amount of incident 
light, the directional reflector having a reflective sur&ce, wherein the reflective sur&ce 
includes at least one periodic surface and wherein the periodicity of the at least one periodic 
surface is on the order of a wavelength of the incident Hght, comprising the step of 
holographically creating an off-axis difEuser in a volume recording material, wherein the off 
axis diSuser is created using prism coupling and recording fiom the volimie holographic 
diffiiser into a surface relief difEuser. 


10 


15 


20. The method for making a directional reflector having a reflective surfece of claim 
19, wherein the volume control medium is photoresist 

20 

2 1 . A method for making a directional reflector for reflecting an amount of incident 
ligjht, the directional reflector having a reflective sur&ce, wherein the reflective surface has a 
periodicity on the order of a wavelength of flie incident light and wherein the reflective 
sur&ce further inchides a coarse periodicity having an asymmetrical blazed profile and a fine 

25 periodicity, comprising the steps of: 

creating the coarse periodicity having an asymmetrical blazed profile by prism 
coupling and recording into a layer of photoresist using mo^ than one beam, wherein each 
beam is separated by a small angle and wherein each beam is incident at a large oblique 
angle; and 

30 creating the fine periodicity by reflecting a single beam fixnn the layer of photoresist 

usmg prism coupling. 
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22. The method for making a directional reflector having a reflective 
surface of claim 21 further comprising the step of adding a difiiise component by having one 
beam be incident through die photoresist layer onto a predetermined difiuse reflector by 
means of prism coupling. 

5 

23. A method for obtaining white light using a directional reflector having a reflective 
sm&ce, wherein the reflective surface has a periodicity on the order of a wavelength of 
incident light and wherein die reflective sur&ce further includes a coarse periodicity having 
an asymmetrical blazed profile and a fine periodicity, comprising the steps of: 

10 creating the coarse periodicity having an asymmetrical blazed profile by piism 

coupling and recording into a layer of photoresist using more than one beam, wherein each 
beam is separated by a small angle and wherein each beam is incident at a large oblique 
angle; 

creating the fine periodicity by reflecting a single beam finm die layer of photoresist 
15 using prism coupling; and 

recording the fine periodicity in adjacent narrow parallel stripes, wherein each stripe 
reflects a different color. 


24. A method for making a directional reflector having a reflective surface, the 
20 reflective surface comprising a first periodic surfece component having a periodic wedge- 
shape, the periodic wedge-shape having a first period and a second periodic sur&ce 
component, the second periodic surface component having a second period, wherein the 
combination of the first periodic surface component and the second periodic surface 
component cause an oblique light ray, which is incident on the reflective surface, to be 

25 reflected into a cone of rays, comprising the steps of: 
mechanically ruling die wedge-shape; 
creating a plastic replica firom die mechanical mlmg; 

creating a random anay of shallow parabolic depressions by spraying the plastic 
replica with a fine droplet spray containing a plastic solvent 

30 

25. The method for making a directional reflector having a reflective surface of claim 
24, fiirther comprising the steps of: 
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creating a metal replica from the sprayed plastic replica; 

aeating a second plastic replica fiom the metal replica; and 
spraying die second plastic replica with a £me droplet spray containing a plastic 
solvent 

26. The method for making a directional reflector having a reflective sur&ce of claim 
25 wherein ttie steps are repeated. 


10 
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